The evolution in next-generation sequencing (NGS) technology has led to the development of many different assembly algorithms, but few of them focus on assembling the organelle genomes. These genomes are used in phylogenetic studies, food identification and are the most deposited eukaryotic genomes in GenBank. Producing organelle genome assembly from whole genome sequencing (WGS) data would be the most accurate and least laborious approach, but a tool specifically designed for this task is lacking. We developed a seed-and-extend algorithm that assembles organelle genomes from whole genome sequencing (WGS) data, starting from a related or distant single seed sequence. The algorithm has been tested on several new (Gonioctena intermedia and Avicennia marina) and public (Arabidopsis thaliana and Oryza sativa) whole genome Illumina data sets where it outperforms known assemblers in assembly accuracy and coverage. In our benchmark, NOVOPlasty assembled all tested circular genomes in less than 30 min with a maximum memory requirement of 16 GB and an accuracy over 99.99%. In conclusion, NOVOPlasty is the sole de novo assembler that provides a fast and straightforward extraction of the extranuclear genomes from WGS data in one circular high quality contig. The software is open source and can be downloaded at https://github.com/ndierckx/NOVOPlasty.
INTRODUCTION
The circular genomes of chloroplasts and mitochondria are frequently targeted for de novo assembly. Both genomes are usually maternally inherited, have a conserved gene organization and are often used in phylogenetic and phylogeographic studies, or as a barcode in plant and food identification (1) . Different in vitro strategies to isolate these genomes from the much larger nuclear chromosomes have been developed, but this task has proven to be particularly challenging. Before the development of NGS technology, organelle genome assembly was based on conventional primer walking strategies, using long range PCR and cloning of PCR products, which are laborious and costly (2) (3) (4) . NGS made it possible to develop novel strategies to construct the entire chloroplast or mitochondrial genome, thereby dramatically reducing time and costs compared to the more conventional methods. It is now affordable to obtain whole genome data in a short timespan by using genomic DNA extracted from whole cells (5) . Besides nuclear sequences, a high copy number of extranuclear sequences will be present in the sample, usually around 5 to 10% of chloroplast DNA (6) and around 1-2% of mitochondrial DNA (7), allowing to assemble both nuclear and extranuclear genomes from one simple experiment. Shallow sequencing of genomic DNA will result in comparatively deep sequencing of the highcopy fraction of the genome; this approach is called genome skimming. Although assembling the complete data set will generate contigs for the organelle genomes, it is also possible to first isolate the chloroplast or mitochondrial reads, and then assemble this subset. The best strategy depends on the data set, computational power and reference genome availability.
When a reference genome sequence is available from a closely related organism, a genome sequence can easily be assembled by mapping the reads to the reference (5). However, when the reference is too distant, the assembly will contain numerous mismatches. Reference assemblies generally require less computational time and virtual memory, but can only handle a limited amount of variances between the targeted and reference genome to stay accurate. In many cases, a de novo assembly is the preferred strategy for an accurate assembly.
When sequence reads are obtained from a total DNA extract, there will be a large excess of reads from the nuclear genome. To reduce the runtime and computational resources needed for the assembly of the several order of magnitudes smaller organelle genomes, it is suggested to work with a relatively low total number of reads (6) . The copy number of organelle genomes being much higher than the copy number of the nuclear genome, working with a whole genome data set of low coverage is largely sufficient (8) . One strategy often used to reduce the ratio of nuclear to organelle reads prior to the assembly consists in filtering the extra-nuclear sequences, either by keeping only regions of higher coverage or by mapping reads to a reference genome. Filtering by differential coverage will often result in the undesirable exclusion of regions of low or high GC content (see Figure 1) , as many NGS systems will perform less efficiently in these regions (7) . Another option is to isolate plastid or mitochondrial DNA, prior to sequencing, by capturing these molecules using specific probes. However, many specific probes need to be designed to cover the complete organelle genome, such that this approach is only recommended when many samples must be sequenced in parallel.
With recent technological advances and cost reduction of shotgun sequencing, the most reliable and straightforward method to a complete assembly of an extranuclear genome would be to sequence a whole genome extract and utilize the complete data set for the assembly, a bioinformatic procedure that is not always straightforward with the tools currently available. Here, we present a novel algorithm, NOVOPlasty, specifically developed for the de novo assembly of mitochondrial and chloroplast genomes from whole genome data. We compared its performance with available software commonly used for organelle genome assembly, through the benchmarked assembly of new and reference mitochondrial and chloroplast genomes from multiple organisms.
MATERIALS AND METHODS

Sequencing
All in-house non-human samples were sequenced on the Illumina HiSeq platform (101 bp or 126 bp paired-end reads). The human mitochondria samples (PCR-free) were sequenced on the Illumina HiSeqX platform (150 bp pairedend reads).
Two public data sets of Arabidopsis thaliana and of Oryza sativa were downloaded from the European Nucleotide Archive (http://www.ebi.ac.uk). Data sets SRR1174256 (A. thaliana), SRR1810277 (A. thaliana) and ERR477442 (O. sativa) were sequenced on the Illumina HiSeq 2000 platform and consists out of paired end reads with a read length of respectively 90 bp, 101 bp and 96 bp. Data sets DRX021298 (A. thaliana) and SRR1328237 (O. sativa) were sequenced on the Illumina HiSeq 2500 platform and consisted of paired end reads with a read length of respectively 150 bp and 151 bp. A total of 20% of data sets SRR1174256 and SRR1810277, and 8% of SRR1328237 were sub-sampled for the benchmarking study.
De novo assembly
All assemblies were executed on a Intel Xeon CPU machine containing 24 cores of 2.93 GHz and a total of 96.8 GB of RAM. Our program NOVOPlasty is written in Perl. In addition, four open-source assemblers (MITObim (9), MIRA (10), ARC (https://github.com/ibest/ARC) and SOAPdenvo2 (11) ) and the pay-for-use CLC assembler (CLCbio, Aarhus, Denmark) were used on the same data, for comparison.
Quality assessment
To obtain a reliable quality assessment, we chose to benchmark the different tools with well known model organisms. A human data set was used for a mitochondrial assembly and Arabidopsis thaliana and Oryza sativa for the chloroplast assembly. The latter two were executed in duplicate, their accession numbers in the European Nucleotide Archive are listed in the 'Sequencing' section. In addition to these data sets, one unknown mitochondrial genome (Gonioctena intermedia) and one unknown chloroplast genome (Avicennia marina) were included in the comparison. The mitochondrial genome of G. intermedia contains a highly repetitive section, which was useful to assess the performance on long repetitive regions. In this case a reference genome was obtained by assembling long PacBio (Pacific Biosciences) reads together with short Illumina reads using the MIRA assembler. Some of the PacBio long reads cover the complete mitochondrial genome, which made it possible to assemble a reliable reference genome for the benchmark study. The NOVOPlasty assembly of the mitochondrial genome of G. intermedia was submitted to GenBank (KX922881). The other reference genomes were retrieved from the National Center for Biotechnology Information (NCBI) database (https://www.ncbi.nlm.nih.gov). GenBank entry AP000423.1 was selected for the A. thaliana assemblies, KM103369.1 for data set SRR1328237 of O. sativa, KM088022.1 for data set ERR477442 of O. sativa and X93334.1 for H. sapiens. Even though these references are very accurate, some variances between individual samples is expected. To detect these putative variances between our data set and the used reference, we realigned all reads to each assembly with bowtie2 (12) for visual inspection with Tablet (13) . Each data set contained a small number of single nucleotide polymorphisms (SNPs), which were corrected in the respective reference genomes to acquire a perfect reference for our benchmark study. Visual proof of the SNPs justifies these corrections and can be examined in the Supplementary Material.
The different data sets were used for a benchmarking study comparing six assemblers, namely, MIRA, MITObim, SOAPdenovo2, CLC, NOVOPlasty and ARC. ARC was only used for the mitochondrial assemblies since it still relies on reference genomes and when a very close reference was lacking, the assemblies resulted in a lower genome coverage than with the de novo approach. All tested assemblers were evaluated for speed, memory efficiency, disk usage, genome coverage, assembly accuracy and number of contigs. Comparing speed and system requirements was straightforward, since each assembler ran on the same machine and made use of the same input data set. The qual- ity indicators were measured relative to the corresponding reference as mentioned above. The genome coverage represents the percentage of the reference genome that was assembled minus ambiguous nucleotides. The accuracy represents the percentage of correctly assembled nucleotides relative to the 'perfect' validated alignments. The highest possible score (100%) for speed, memory efficiency, disk space, genome coverage, assembly accuracy and number of contigs were set to respectively 0 min, O GB of RAM, 0 GB, 100%, 100% and 1 contig. The lowest score (0%) was always chosen close to the average of the assembler that performed the worst to get a clear difference between the assemblers. All percentages were rounded off to two decimal digits. The absolute values for each assembly can be examined in the Supplementary Material.
NOVOPlasty
NOVOPlasty is a seed-extend based assembler similar to string overlap algorithms like SSAKE (14) and VCAKE (15) . It starts with storing the sequences into a hash table, which allows quick accessibility of the reads ( Figure 2 ). The assembly has to be initiated by a seed, which is iteratively extended bidirectionally. This seed sequence is not used for initiating the assembly, but to retrieve one sequence read of the targeted genome from the NGS data set. This strategy can handle a wider range of seed inputs without incorporating mismatches into the assembly. The seed sequence can be one sequence read, a conserved gene or even a complete organelle genome from a distant species. The end and start of the seed are scanned for overlapping reads in the hash table and stored separately. All putative extensions are identified and subsequently cross-checked with the paired reads to verify if they are positioned correctly. Relatively similar sequences are grouped together and every base extension is resolved by a consensus between the overlapping reads. When there is more than one possible consensus extension (i.e. more than one group of sufficient size), the assembly splits and two new contigs will be created. Unlike most assemblers, NOVOPlasty does not try to assemble every read, but will extend the given seed until the circular genome is formed. The assembly will circularize when the length is in the expected range and both ends overlap by at least 200 bp. When a repetitive region is detected, the circularization will be postponed until the assembly exits the repetitive region. Since whole genome data usually contain a high coverage of extranuclear sequences, the algorithm is capable of extending one read into a complete circular genome ( Figure  2) .
Besides a new linear approach to assembling, NOVOPlasty achieves higher quality assemblies by incorporating case based adjustments. Problematic regions caused by sequencing errors or inclusion of genomic elements are automatically detected and will be resolved as best as possible by tuning the parameters and by initiating appropriate strategies. Current Illumina sequencing technology (Illumina HiSeq and MiSeq) has for example a very high error rate after a long single nucleotide repeat (SNR) stretch, which makes the subsequent sequence unreliable (16) . Those error-prone regions may thus cause interruptions in contig assembly, which are particularly problematic for our linear assembly strategy. An essential strategy of NOVOPlasty to ensure continuity lies in the early detection of these SNR stretches and the disposal of the most erroneous reads prior to building the consensus. Defining the exact length of the SNR stretch is not straightforward due to a strong variance of SNR length between the individual reads and an overall low quality score. The most frequent recurrent length will be selected as the correct one, as this option is observed as the most accurate. When the consensus cannot be resolved, NOVOPlasty 'jumps' over the problematic region using paired end information and restarts the assembly from there. Because the SNR region will be approached from both directions, it is possible to avoid the highly erroneous parts of the reads. One of the other major issues of short read assembly is complex repetitive sequences. Mitochondrial genomes of beetles often contain a long highly repetitive section (17) , while chloroplast genomes can contain shorter dispersed repetitive DNA (18) . When NOVOPlasty encounters a repetitive region, it determines the repeated sequence and the region adjacent upstream. All reads that start with the sequence prior to the repetitive DNA are filtered out for further analysis. Should the length of the repetitive region be less than the length of the reads, the assembly of the region can be resolved directly. Otherwise, the algorithm will temporary tune the parameters very stringently to search for small variations between the repetitive sequences that could serve as a reference point. When the region can not be resolved, the assembly will be terminated and reinitiated as a new contig at the sequence following the repetitive region.
RESULTS
Chloroplast assembly
Seventeen unpublished chloroplast genomes and four public data sets were successfully assembled with NOVOPlasty. Since chloroplast genomes contain a large inverted repeat, two versions of the assembly are generated, that vary only in the orientation of the region between the two repeats. The correct orientation needs to be resolved manually. One data set of Avicennia marina and two of A. thaliana and O. sativa each were used for a benchmarking study between different assemblers (Table 1 and Supplementary Material). As for the chloroplasts of A. thaliana and O. sativa, only NOVOPlasty and CLC were successful in assembling the complete genome. Since all of the other tested tools were unsuccessful in producing a comparable amount of genome cover- age, the discussion will be restricted to the assemblies of those two algorithms. NOVOPlasty assembled entirely the five genomes in one circular contig each with a coverage of 100% (Figure 3 ). The assembly of SRR1174256 contained one deletion of 1 bp against the reference from GenBank, located in a long SNR. This is likely caused by systematic errors inherent to Illumina technology. The assemblies from the other three public data sets did not contain any mismatch. CLC generally assembles a chloroplast genome in three contigs, which represent the long single copy section, the short single copy section and the inverted repeat ( Figure 3) . However, each of these contigs can in fact be a scaffold of several contigs merged by strings of ambiguous nucleotides ('N'). These ambiguous stretches can represent gaps of unknown length, or can be subsequently resolved manually if both ends overlap each other. The CLC assembly of SRR1174256 comprises 3 scaffolds (8 contigs), including a deletion of 31 bp and 4 mismatches. Besides a few short fragments previously sequenced using classic Sanger technology, there was no reference genome available for A. marina. Since NOVOPlasty achieved the highest coverage and quality for the four public data sets, and its assembly, that consists of one circular contig, showed a 100% identity with previously known fragments, we manually verified the NOVOPlasty assembly by realigning all reads and visually inspected it with Tablet (14). Because we found no dubious sequence, we used our assembly as a reference for the quality assessment of the other tools. The assembly by MITObim resulted in one contig with a coverage of 99.63% and an accuracy of 99.8%. CLC obtained a coverage of 99.3% in 8 scaffolds (22 contigs) with an accuracy of 99.99% (Table 1). Given that we used the NOVOPlasty assembly as a reference, additional proof of mismatches for the CLC and MITObim assemblies were visualized by realigning all reads to each assembly, which can be found along with more elaborated results and statistics in Supplementary Material.
Mitochondrial assembly
NOVOPlasty has currently been tested for the assembly of seven mitochondrial genomes from three different species. Besides the mitochondrion of the leaf beetle Gonioctena intermedia, all assemblies resulted in a complete circular genome. Detailed results and statistics can be found in Supplementary Material.
All assemblers besides ARC successfully constructed the complete human mitochondrion in a single contig. ARC was not successful which was unexpected since the reference was almost identical. According to the developers this problem might be resolved by removing the adapters before the assembly. Quality assessment showed that the MIRA assembly contained one mismatch and four unidentified nucleotides, while the other assemblies were identical to the reference. MITObim performed best in memory consumption, 1.5 GB and NOVOPlasty had the shortest runtime, 4 m 04 s (see Supplementary Material).
More interesting was the assembly of the G. intermedia mitochondrion. Like other beetle mitochondrial genomes, it contains a large AT-rich region (control region), including a highly repetitive section (17) , resulting in a more complex de novo assembly. The mitochondrial genome was first assembled with long PacBio reads that covered the control region entirely to build a reliable reference. The resulting genome includes a repetitive region of 1820 bp, consisting in tandem repeats of variable length (∼120 bp). Assembling this region with short reads will be infeasible, regardless of which software is used. Nevertheless we were interested which software was able to deliver the most complete and accurate assembly. An assembly generated by mapping reads to a reference genome, using ARC, was used as mapping software reference to evaluate the possible benefits of a de novo assembly. We chose ARC because it is able to use multiple references and has been successfully tested for mitochondrial genome assembly (http://biorxiv.org/content/ early/2015/01/31/014662). The nine closest mitochondrial genomes available at GenBank were selected as references. The resulting ARC assembly was 99.99% accurate but comprised only 85.39% of the genome. Except SOAPdenovo2, all de novo assemblers were able to assemble a larger fraction of the genome (Table 2 ). Since it is not possible to assemble the tandem repeats accurately with short reads, we also calculated the coverage and accuracy against the mitochondrion reference without the repetitive section of the control region. This significantly increased the accuracy for the assemblies that partially covered the tandem repeats. The MIRA and MITObim assemblies have the highest genome coverage, but the lowest accuracy. If we only look at the repetitive region, the accuracies are 95.44% and 90.62% for respectively MIRA and MITObim. This shows that these assemblers are not reliable for problematic regions and lose their advantage of higher genome coverage. From the four assemblers with an accuracy above 99.97%, NOVOPlasty has the highest genome coverage (Table 2) .
A second data set of G. intermedia, with an average coverage depth of 301 and a read length of 126 bp (in comparison to a read length of 101 bp and average coverage depth of 157 for the data set used above), was excluded from the benchmarking study as a result of insufficient memory capacity during the MIRA and MITObim assemblies. Both assemblies were automatically terminated after they exceeded 91 GB of RAM. NOVOPlasty, CLC and SOAPdenovo2 successfully executed the assembly (see Supplementary Material). The increase in depth of coverage and read length resulted in a higher genome coverage for the NOVOPlasty assembly. It rose from 92.74% to 94.66%. A second assembly of this data set with an average coverage depth of 892 improved the genome coverage further to 95.18%. This shows that increased read length with deeper coverage can help NOVOPlasty to resolve problematic regions, since the gain Table 2 . Benchmarking results for the assembly of the G. intermedia mitochondrion.
was from the highly repetitive and AT-rich region. More remarkable were the results of CLC and SOAPdenovo2, both assemblies resulted in a reduced genome coverage and accuracy. The genome coverage of SOAPdenovo2 and CLC were reduced by respectively 64% and 1.4%. The reduction of CLC could be explained by differences in the sample preparation or in the sequencing run (resulting in reads of reduced quality or underrepresented region), but this can not explain the large reduction for SOAPdenovo2. One explanation could be the high coverage depth, which can cause problems with some assembly tools. This was tested by repeating the assembly with a sub-sample of 50% of the previous data set. The results showed an increase in genome coverage from 30.8% to 46.8% for the SOAPdenovo2 assembly, showing a reverse effect of an increased coverage depth on the quality of the assembly for SOAPdenovo2.
Overall performance
The average performance of speed, memory efficiency, disk space, genome coverage, accuracy and contig count were calculated based on seven assemblies and presented in a score graph (Figure 4 ). NOVOPlasty scores slightly higher on speed and disk space than CLC, although the difference is negligible. CLC consistently performed better on memory usage, while NOVOPlasty has nevertheless the lowest memory usage of the four open-source assemblers. Regarding contig counts, CLC and NOVOPlasty have a similar high score, caused by the average high contig count of SOAPdenovo2 (125 contigs). The small difference in score is still significant since NOVOPlasty was able to achieve a 100% coverage in a single contig for all assemblies besides the G. intermedia mitochondrion, including the 16 chloroplast genomes that were not included in the benchmark study. On the other hand, CLC generated a minimum of 3 scaffolds for chloroplast genomes and even 8 scaffolds (comprising 22 contigs) for A. marina (see Figure 3) . NOVOPlasty offers yet another significant advantage, as all the other tested assemblers output a pool of contigs, originating from the nuclear, mitochondrial and chloroplast genomes. This pool can contain in some cases more than 1 700 000 contigs (see Supplementary Material), which can make it problematic to isolate the organelle genome. Finally, NOVOPlasty scores best on genome coverage and accuracy, the two most important indicators for an accurate assembly.
Seed compatibility
One of the possible criticisms of de novo assembly with seed sequences is that you need previous knowledge regarding the organism of interest. Therefore, we developed a very flexible seed input that accepts sequences from more distantly related species. The main difference with traditional seed dependent assemblers, is that NOVOPlasty does not use the seed sequence to initiate the assembly, but uses it to retrieve one sequence read of the targeted genome from the data set, that subsequently will be elongated until the genome is circularized. This new strategy was tested with a variety of seed sequences, originating from closely to relatively distantly related species. Twelve different mitochondrial ( Figure 5 ) and chloroplast ( Figure 6 ) genomes were tested as a seed sequence for the assembly of respectively the mitochondrial genome of Homo sapiens and the chloroplast genome of Arabidopsis thaliana.
Regarding the mitochondrial assembly, all seed sequences derived from vertebrates were sufficient to result in a successful assembly. This shows that this new strategy greatly simplifies the seed selection. For the chloroplast genomes, the assembly was successful in only half of the cases, and initiating instead the assembly of the mitochondrial genome in the other cases. This is caused by the occurrence of similar sequences in the chloroplast and mitochondrial genomes, likely the result of intergenomic transfer between them (19) . To prevent this, it is recommended to use, as seed, short regions specific to the chloroplast genome, that have no equivalent in the mitochondrial genome (instead of the complete genome sequence). This was empirically confirmed by selecting the Rubisco-bis-phosphate oxygenase (RuBP) subunit as a seed sequence (Figure 6 ), which resulted in a successful assembly of the chloroplast genome in 10 out of 12 seed sequences. We were unable to initiate the assembly with the RuBP subunits of Pyropia perforata (RuBP subunit not present) and Lobosphaera incisa as a seed sequence. While these two algae species are evolutionarily very distant from Arabidopsis, we were able to assemble the chloroplast genome of Arabidopsis using the complete chloroplast genomes of both algae as seed. We would therefore recommend to try short specific portions of the genome as seed at first, but then to try the complete chloroplast genome as seed if unsuccessful. A green dot means that the mitochondrial genome of that species can be used as a seed for the mitochondrial assembly of H. sapiens. Red X means unsuccessful. Phylogenetic tree based on information extracted from the NCBI taxonomy database (20) , using phyloT (http://phylot.biobyte.de/).
DISCUSSION
Mitochondrial and chloroplast genomes represent a significant portion of the total deposited genomes in GenBank (21) (see Figure S6 in Supplementary Material) and the annual deposition is growing each year. Many peer-reviewed articles are describing the assembly of these genomes, making organelles the most sequenced eukaryotic genome (22) . Expanding the repository of organelle genomes can be ben- eficiary for a wide range of scientific fields, from forensics to evolutionary studies and food industry. With the continuous advancements in sequencing technologies, sequencing costs and data availability will not be a limiting factor in the future. High quality reads can be obtained by different plat-forms, but the outcome can vary greatly depending on the assembly software.
Due to a lack of reliable and user-friendly open-source software for the assembly of mitochondrial and, especially, plastid genomes, many researchers select the CLC payfor-use assembler (1, 9, 23, 24) . We present NOVOPlasty, an open-source alternative software, specifically designed for assembling organelle genomes that is capable of delivering the complete genome sequence within 30 min. The algorithm takes full advantage of the high coverage available for organelle genomes in NGS data, which makes it even capable of assembling reads from problematic regions, like AT-rich stretches. No reference genome is needed and the assembly can be initiated by a wide range of seed sequences. When the final assembly delivered by NOVOPlasty is made of several contigs, those are automatically arranged sequentially, which facilitates finishing the assembly using complementary methods.
In our benchmark study, the average performance of speed, memory efficiency, disk space, genome coverage, accuracy and contig count were calculated based on seven assemblies, two mitochondria and five chloroplasts (see Figure 4) . NOVOPlasty was the best on all criteria except for memory usage in respect to CLC. Note that all our mitochondria and chloroplasts assemblies done for the present work needed less than 16 GB of RAM. Most importantly, NOVOPlasty was the software achieving by far the most assemblies in a unique contig, and produced the best accuracy and genome coverage. We obtained reliable quality scores by validating each assembly by mapping original reads on to the assembly and visually inspect the complete genome. By its simple seed-and-extend design, NOVOPlasty seems also to be the best software to make use of longer Illumina reads (comparison available for the G. intermedia mitochondrion). Finally, by assembling only the genome requested by the user, NOVOPlasty simplifies the post-hoc tasks required by other assemblers. At the time of acceptance, NOVOPlasty has been tested by 19 beta-users across four continents, producing with success assemblies for more than 90 organelle genomes (mostly chloroplasts). All but six, characterized by particularly complex repeats, displayed a single contig.
The software is open source and can be downloaded at https://github.com/ndierckx/NOVOPlasty. Besides a standard Perl installation, there are no software or module requirements to run the script. All paired-end Illumina whole genome data sets are compatible with NOVOPlasty. It is recommended to have sufficient coverage (30X for the organelle genome) and to use untrimmed reads to assemble a complete circular genome. Incomplete assemblies caused by low coverage regions (low GC) could be resolved by using higher coverage (up to 1000X or more), but be cautious that higher coverage will slow down the assembly and will require more virtual memory. A manual and an example of the configuration file can also be found on the github page.
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